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Abstract: The Concentrated Photovoltaics (CPV) promise relies upon the 
use of high-efficiency triple-junction solar cells (with proven efficiencies of 
over 44%) and upon high-performance optics that allow for high 
concentration concurrent with relaxed manufacturing tolerances (all key 
elements for low-cost mass production). Additionally, uniform illumination 
is highly desirable for efficiency and reliability reasons. All of these 
features have to be achieved with inexpensive optics containing only a few 
(in general no more than 2) optical elements. In this paper we show that the 
degrees of freedom using free-forms allow the introduction of multiple 
functionalities required for CPV with just 2 optical elements, one of which 
is a Fresnel lens. 
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1. Introduction 
Minimizing energy cost (€/kWh) is a necessary task for the success of Concentrated 
Photovoltaics (CPV). Key to minimizing this cost is an efficient and low-cost optical 
concentrator, with a high concentration (>500) that allows for rapid amortization of the cost 
of high-efficiency triple-junction solar cells. A low-cost concentrator is best met with the 
fewest elements and the most relaxed manufacturing and assembling tolerances. These 
tolerances can be expressed in terms of the concentrator’s acceptance angle α [1], specifically 
higher the acceptance angle, more the relaxed tolerances of the concentrator. A useful merit 
function for a CPV optic is the concentration-acceptance product [2], defined as: 
 sin( )gCAP C α=  (1) 
where Cg is the geometric concentration and α the acceptance angle, defined as the incidence 
angle at which the concentrator collects 90% (sometimes 95%) of the on-axis power [3]. A 
more practical definition says that it is the angle at which the generated photocurrent is at 
90% of the maximum (typically achieved at normal incidence). In terms of generated electric 
power, a more useful definition would be the angle at which the maximum electric power 
generated by the cell PMPP (moving along the I-V curve) is at 90% of the maximum electric 
power generated by the cell at the best incidence angle. This is usually referred to as the 
effective acceptance angle. This definition takes into account all optical and electrical effects. 
In this paper we will use the first definition of α which is not dependent on the cell 
behavior. It is remarkable that for a given concentrator architecture, this CAP is practically 
constant. This definition of CAP is close to the concept of Numerical Aperture (NA) in 
Imaging Optics, but is not exactly the same. NA is either the sine of the acceptance cone of an 
objective, or refers to the maximum angle of acceptance (or illumination) of a ray bundle 
transmitted by a fiber. NA and CAP definitions coincide when every point of the cell is 
illuminated by light cones with the same angle, which is an unlikely ideal case. The CAP is 
not the sine of the maximum angle of the cone of light transmitted to the cell, but the 
maximum angle of such an ideal illumination enclosing the same etendue. The CAP (as well 
as the NA) is upper bounded by the refractive index of the medium surrounding the cell, 
which is typically a silicone of n≈1.42. For details about the thermodynamic upper limit of 
the CAP see for instance [2, 4, 5]. 
For a given Cg, the acceptance angle α also measures the total tolerance available to 
apportion among the different imperfections of the system, namely: (1) shape errors and 
roughness of the optical surfaces, (2) concentrator module assembly, (3) array installation, (4) 
tracker structure finite stiffness, (5) sun-tracking accuracy, (6) solar angular diameter, (7) lens 
warp, and (8) soiling. Each of these imperfections can be expressed as a fraction of the 
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tolerance angle, so that, all together, they comprise a “tolerance budget”. Alternatively, for a 
given acceptance angle, a higher CAP allows a higher concentration, consequently reducing 
required cell size (and cost). The actual impact of CAP on receiver costs has been analyzed in 
ref [4] by comparing several Fresnel-based systems. 
In this paper, we will present the progress in the development of the most advanced CPV 
optical designs that use a Fresnel lens as the Primary Optical Element (POE). These are based 
on free-form array optics using Köhler integration. The fundamentals of the general design 
procedure were described in [6]. The main idea is to use arrays of different Köhler integrators 
designed on an SMS optic [7, 8]. Each one of these Köhler integrators comprises two optical 
surfaces which may be free-form (i.e. without rotational symmetry). The degrees of freedom 
of using free-form surfaces allow for the introduction of multiple functionalities in the optical 
surfaces. Specifically, these provide a high CAP with excellent light homogenization for any 
sun position within the acceptance angle. The two surfaces forming any Köhler pair are 
usually placed into two different elements: one in the POE; and another one in the Secondary 
Optical Element (SOE). Even though the optical designs are sometimes complex, the 
elements can be manufactured with the same techniques as classical design optics (typically 
plastic injection molding, embossing, casting, and glass molding) and therefore their 
production cost is the same as non-free-form elements. 
SOEs designs like the inverted truncated pyramid (also called RTP), the kaleidoscopic 
prism and those of the CPC family require the reflective surface to extend till the cell active 
surface, i.e., there is a region of the cell very close to the reflector. This fact becomes a 
problem in those dielectric filled SOEs whose reflectors are based in total internal reflection 
(TIR). This is because, the agent which typically couples the SOE and the cell may be either 
in excess or less, leading to optical losses, either because the TIR in the SOE reflector fails 
(excess) or because a TIR reflection appears at the cell-SOE interface (lack). The coupling 
agent is usually silicone. The concentrators presented here do not have this problem: no 
optical surface is in contact with the edge of the cell. Since glue (and light) leakage is not a 
concern anymore, the SOE-to-cell optical coupling process becomes much easier and enables 
low-cost high-yield encapsulation in mass production. It also allows for high reliability 
encapsulation schemes where the path from any point of the cell to the air can be long and 
filled with non permeable material. Also, the optical coupling media on top of the cell surface 
can be liquid because it does not have any structural function. In the latter case, there are non-
optically-active parts of the SOE that are used to contain the elements and for mechanical 
attachment. 
Two different design families for the concentrators are presented. The first one (FK, in 
Section 2) uses a single refracting surface as a secondary optic while the second (F-RXI in 
Section 3) uses an RXI for the same function. The FK is already on the market [9, 10] and has 
experimentally proven module electrical (DC) efficiencies of 32.7% (at Tcell = 25°C) with a 
concentration of 710x and a tolerance angle α =  ± 1.27° (CAP = 0.59) and without any anti-
reflective (AR) coating on the optics [11]. Ray-tracing simulations showing optical 
efficiency, angular transmission (and CAP), and irradiance distribution are included in this 
paper. A comparative study of the designs discussed in this paper and those of classical 
designs is also presented in Section 4. More details of these devices can be found in [4, 12–
14]. CPV concentrators using Köhler array schemes but with a mirror as the POE can be 
found in [15]. 
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Fig. 1. A 4-sector FK concentrator during measurements (a) and its glass molded SOE (b) 
showing the second part of the four sectors of the Köhler array. 
2. The FK concentrator 
The FK (Fresnel Köhler concentrator) consists of a Fresnel lens comprising of four identical 
folds or quadrants, along with a free-form secondary lens, also divided into four equal sectors 
(see Fig. 1). Each POE + SOE quadrant pair works together as a Köhler integrator couple. 
Using the standard nomenclature for these nonimaging devices [15], the name should be RR, 
which indicates that the two designed surfaces (the Fresnel facets and the SOE upper surface) 
are refractive. Using the Köhler integration principle, each quadrant of the POE images the 
sun on its corresponding counterpart sector in the SOE, while the SOE sector images the POE 
ray bundle onto the cell, producing a uniform square spot onto it. 
The FK attains unique performance features, such as reduced optical depth (for the same 
performance), a very good CAP (CAP = 0.59) and almost perfect irradiance uniformity over 
the solar cell. The CAP is not at the thermodynamic upper limit (≈1.42), but still much 
beyond conventional Fresnel concentrators as shown in Section 4. 
The irradiance uniformity occurs not only when the whole spectrum is considered but also 
when it is restricted to the top or middle subcell ranges as can be seen in Fig. 2 below. This 
last result is very important in order to avoid conversion efficiency losses due to chromatic 
mismatch [16]. For further details see [4] and [9]. 
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Fig. 2. Simulated irradiance distribution on the cell for the FK concentrator with parameters Cg 
= 625x, f/0.85, when the sun is on axis and the solar spectrum is restricted to: (a) the top-
subcell range (360-690 nm), and (b) the middle-subcell range (690-900 nm). The vertical axis 
denotes the irradiance gain of the respective wavelength ranges relative to the 1-sun case. 
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Fig. 3. Rendered view of a dome-shaped FK concentrator (DFK). At bottom left, a detailed 
view of the SOE, where the 4 sectors can be distinguished, each one receiving light from one 
of the POE sectors. 
Recently, an FK concentrator with a dome-shaped Fresnel lens has been designed and 
manufactured [17, 18] (see Fig. 3). The dome-shaped Fresnel lens also forms a Köhler array 
integrator with its SOE. This device is called DFK. Its CAP is quite high (0.72), leading to a 
Cg = 1,230x and an acceptance angle of ± 1.18°. The expected optical efficiency of this DFK 
is 85.6% (without AR coating on the optics). The irradiance distribution on the cell is not as 
uniform as the flat Fresnel case FK (see Fig. 4). The spot on the cell is also square. 
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Fig. 4. DFK concentrator: Irradiance distribution on the cell, when illuminating the DFK at 
normal incidence with 1 sun irradiance. 
2.1 Outdoor measurements of an FK concentrator 
The FK prototype shown in Fig. 1 was measured outdoors. The prototype consists of a 
PMMA Fresnel lens, with an active area of 144 cm2, a B270 glass-molded SOE (without AR 
coating) coupled to the cell with a transparent silicone rubber layer (Sylgard 182 by Dow 
Corning, with refractive index = 1.41) and a high efficiency (≈38%) 1 cm2 commercial triple-
junction Spectrolab cell mounted on an aluminum heatsink. 
Measurements on this prototype showed an efficiency of 32.7% and a fill-factor of 84.6% 
for a cell temperature of Tcell = 25°C. These measurements were performed under a DNI of 
835W/m2. 
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Acceptance angle measurement results are shown in Fig. 5(a). Measurements for this 
calculation were done under a DNI of 975W/m2. With a sun incidence of ± 1.24° the FK 
efficiency drops off to the 90% of its nominal value, which is just 0.01° less than the 
simulated result (see comparative curves in Fig. 5(a)). It can be observed that the simulated 
and measured curves, besides having a similar acceptance angle, have the same pill-box 
shape. On Fig. 5(b), a picture of the SOE back surface is shown in which the solar cell has 
been replaced by a transmissive diffuser. The figure shows the characteristic square spot of an 
FK concentrator. More details of these experimental results can be found in [11]. 
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Fig. 5. Simulated and measured transmission curves (a) with αsim =  ± 1.25° and αmeasured =  ± 
1.24°. Illuminated SOE back surface (b) where the cell has been substituted by a transmissive 
diffuser. 
3. The F-RXI concentrator 
In this section we will show a more advanced design, which also uses a flat Fresnel lens as a 
primary. This device is also 4-fold and uses an RXI as the SOE. The RXI surfaces are 
calculated using the SMS design method in 3D. In this SOE, the rays undergo refraction (R), 
reflection (X) and total internal reflection (I). For these reasons, the SMS nomenclature for 
this device is “RXI” assigning letters to each surface that deflects rays. The RXI is a solid 
dielectric piece that has a small metallized surface on the front (optional) and a larger 
metallized surface on the back which act as mirrors. The RXI is a well-known device in the 
field of Nonimaging Optics. It was first designed with rotational symmetry [1, 19] and later 
with free-form surfaces for automotive applications [20]. 
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RXI 
RXI (side view)
RXI (front view)
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focal points 
¼ POE 
(Fresnel lens) 
cell
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Fig. 6. (a) Scheme of the normal-incidence rays passing through one quarter of the POE 
(Fresnel lens) and focusing on the corresponding surface of the SOE (RXI). Light is focused 
by each Fresnel lens quarter on four different foci (b), corresponding to the four SOE parts. 
Figure 6(a) shows the normal-incidence rays passing through one quarter of a Fresnel 
POE and focusing on the corresponding upper surface of the SOE, which, as said before, is an 
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RXI. The figure also shows two views of the RXI (in blue). Figure 6(b) shows the complete 
ray-traced trajectories of some rays also hitting the Fresnel lens perpendicularly. This ray 
bundle is split by the four-quadrant Fresnel lens and focused onto the four SOE parts, to be 
spread afterwards to produce uniform irradiance on the solar cell. This applies for every ray 
within a design acceptance angle ± α. 
The RXI design uses an iterative process in which the R and I surfaces are treated as two 
separate surfaces. An initial shape for the surface R is chosen (R0) and the SMS 3D method is 
applied to calculate surfaces X and I. Next, the calculated surface I is considered a new R 
surface (R1) and the design is done again to recalculate new surfaces X and I. The process is 
repeated until the sequence of surfaces Rn converges towards the final design surface. This 
iterative process is peculiar to the RXI when compared to other SMS devices, and arises from 
the circumstance that two distinct optical surfaces, the chosen surface R and the calculated 
surface I, must converge to the same physical surface. 
The relevance of this novel design comes from the CAP it generates. Two variants of the 
concentrators comprised by an RXI as their secondary optical element will be considered 
below. The first one has an RXI secondary with the small frontal area metallized. It has a 
value for CAP = 0.85. In the second case, the RXI does not have the frontal metallization, in 
order to make the device easier to manufacture. This latter one reaches a lower CAP value of 
0.73, which is just a bit greater than the CAP of the dome-shaped Fresnel lens FK shown in 
section 2, Fig. 3. These two F-RXI designs have the highest reported values for CAP among 
concentrators based on Fresnel lenses. 
3.1 Simulation results 
The first concentrator we have considered is an F-RXI with an f-number 1.4 and a 
geometrical concentration of Cg = 2,300x. As said before, the secondary optical element 
(RXI) has a small frontal metallized area. This F-RXI has the following additional 
parameters: (i) Fresnel lens: area = 852.64 cm2 made of PMMA (n≈1.49), facet draft angle = 
2°; (ii) Dielectric SOE: BK7 glass (n≈1.51872) with mirror reflectivity of 0.97. The optical 
efficiency derived from ray tracing using this data is 82.5%, which can be increased to 85% 
with AR coating of the RXI front face. 
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Fig. 7. Simulation showing the relative optical efficiency versus incidence angle on a 2,300x 
free-form F-RXI Köhler concentrator (a). The resulting acceptance angle is α =  ± 1.02°. The 
irradiance distribution on the cell when the sun’s center is at normal incidence (@DNI = 1 sun) 
is shown in (b). 
The relative optical efficiency (i.e., the relative transmission) is shown in Fig. 7(a) with 
dashed lines highlighting the acceptance angle ± 1.02°. Curves for transmission in a plane 
parallel to the sides of the square Fresnel primary lens (referred to as “parallel”) and in a 
plane parallel to the diagonal of the square Fresnel primary lens (referred to as “diagonal”) 
are provided. A CAP = 0.85 is achieved. This F-RXI concentrator also produces excellent 
irradiance uniformity on the cell. Figure 7(b) shows the irradiance distribution on the cell 
when the sun is on-axis with a Direct Normal Irradiance (DNI) of 850 W/m2. 
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As mentioned above, the RXI of the second F-RXI concentrator considered here has no 
frontal metallized area. All other design parameters are the same as the first case. The 
simulation results show an acceptance angle of ± 0.87°, which implies a CAP = 0.73. 
According to the simulation, the optical efficiency (considering Fresnel losses, absorption 
losses and RXI back mirror reflectivity) is 83.5%, which can be increased to 86% with AR 
coating on the RXI front face. 
4. Comparison 
A comparison of the FK and F-RXI concentrator families described herein with five other, 
more conventional CPV concentrator families that use a flat Fresnel lens as a primary optical 
element is presented. All the concentrators chosen for the comparison have the same Fresnel 
POE entry aperture area (625 cm2), the same acceptance angle (α =  ± 1°), but different 
concentration ratios (and thus different cell sizes). This makes it easier to compare them, 
since the cost differences will arise only from the combination of cell and SOE costs. Both 
the Fresnel lens and the solar cell active area are square. First, we considered a Fresnel lens 
concentrator with no SOE, which is a type of system being used now by the company Soitec 
[21]. In the second case, we considered an SOE with a hemispherical glass dome centered on 
the cell surface and in optical contact with it. This type of dome concentrator has been 
proposed as a candidate for improving the CAP of the preceding case. Thirdly, we selected 
for this comparison a SILO (SIngLe Optical surface) SOE, designed by James for Sandia 
Labs in the 90’s [22]. This concentrator has a single Köhler channel. The SILO design we 
have used in this comparison is the one providing maximum CAP which is not exactly the 
same proposed by James. The fourth SOE considered was a hollow reflective truncated 
pyramid (XTP), which is the type of SOE presently being used by the company Amonix [23]. 
The fifth approach was a solid dielectric truncated pyramid (RTP), which works by total 
internal reflection. This type of SOE is used in several commercial products (for instance, by 
the company Solfocus [24]). In the case of the F-RXI, both designs introduced in section 3 are 
considered: one with a small metallized frontal area (labeled FRXI), and the other without 
frontal metallization (labeled FRXI*). 
The true-scale relative size comparison among the different SOEs can be seen in the cross 
sectional drawings of Fig. 8. The f-numbers and the geometrical concentrations of the 
different configurations are shown in the same figure. 
 
Fig. 8. Cross section of the SOE of the concentrators being compared. All these concentrators 
have the same POE entry aperture area (625 cm2) and the same acceptance angle (α =  ± 1°). 
The cross sections of their corresponding cells, which should be centered at the origin, are 
shown displaced downward to make them visible. f-numbers and geometrical concentrations 
are given in the left hand side. 
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A comparison of the concentration-acceptance angle product (CAP) for the selected 
concentrators is shown in Fig. 9. We can see that the FK and F-RXI concentrators are 
superior to all the conventional Fresnel-based concentrators described. 
 
Fig. 9. Concentration acceptance angle product (CAP) for the concentrators under comparison. 
5. Conclusions 
The present challenge for CPV to finally enter the alternative energy generating market with 
volumetric success depends on its ability to demonstrate reliability and cost effectiveness, 
with the conventional fossil sources being the real benchmark in this case. Current CPV 
systems need to improve their performance (meaning energy, not power) and to reduce their 
costs at the same time. The FK and F-RXI concentrators are excellent candidates to achieve 
such improvements, due not only to their superior optical performance but to the practical 
aspects of high yield under mass-production conditions. 
The FK CAP outperforms the conventional Fresnel-based CPV systems. This means that 
either its higher Cg or its higher tolerance angle α or both can be used to reduce cost. 
Moreover, its SOE design provides easy ways to protect the cell and relaxes most of the 
encapsulation issues found in conventional SOEs both things promoting a further cost 
reduction. 
The F-RXI CAP outperforms the FK’s but it is probably more expensive to manufacture, 
since it needs to be mirrored (like the secondaries of the Cassegrain-type systems). However, 
its ultra high CAP can be used to accommodate more expensive and more efficient cells, 
which will eventually be developed in the future. 
The FK is already on the market and has proven (experimentally) module electrical (DC) 
efficiencies over 32.7%. Currently a dome-shaped FK prototype is being manufactured and 
tested. This DFK concentrator has a CAP (CAP = 0.72), higher than that of the FK and almost 
equal to that of the F-RXI*. Its SOE is as simple as the one in the conventional (flat Fresnel 
lens) FK, but its dome-shaped Fresnel lens is more complex. 
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